ABSTRACT: The acoustic emission (AE) technique has been used in the aim to detect and to observe the initiation of plasticity and damage of several Polyethylenes (PE) during tensile tests. The detection of acoustic signals originating from the deformation of the material is challenging since PE samples strongly attenuate ultrasonic waves. A weak acoustic activity has been recorded during the tests. The use of two types of PE specimens and two methodologies based on the elimination and the discrimination of spurious sources has shown that most of the AE signals truly originate from the plastic deformation of materials. We also observed that the acoustic activity increases with strain rate. Besides, some AE signals are located along the specimen length during tensile tests at high strain rate. The acoustic activity increases strongly with the crystallinity. Microcavities, formed before the yield point of PE samples with high crystallinity in particular, likely initiate the release of acoustic energy. In addition, some signals are collected on PE samples, which do not exhibit a formation of cavitation. Hence, the shearing of crystallites and/or the fragmentation of crystalline lamellae may also be a source of the release of acoustic energies.
Introduction
The plastic deformation and damage of semi-crystalline polymers in tensile tests have been widely studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, the in situ determination of the initiation of micro-structural plastic events such as shearing of crystallites or cavitation remains problematic and requires complex devices such as SAXS or tomography [9] [10] [11] [12] [13] [14] [15] . As an in situ and convenient technique, acoustic emission (AE) is often used to analyze plastic deformation and damage of materials such as metals, ceramics and composites [16] [17] [18] . AE is defined as "the class of phenomena whereby transient elastic waves are generated by the rapid release of energy from localized sources within a material, or the transient elastic waves so generated" (ASTM 1982) . The plastic deformation and damage of glassy polymers have been studied with the AE technique [19] [20] [21] [22] . Recently, Ronkay et al. [22] recorded the acoustic activity emitted from Polyethylene terephthalate (PET) during tensile tests. The authors attribute the signals to the formation of cavities, which appear with the neck propagation. However, few studies investigated the plastic deformation of pure semi-crystalline polymers above their glass transition temperature with this technique, as they are often thought to be too attenuative. Nevertheless, Bohse [23] observed a very weak acoustic activity during the plastic deformation of high-density Polyethylene (HDPE) and Polypropylene (PP) during tensile tests. Qian et al. [24] recorded few AE signals during the deformation of a large range of polymers including semi-crystalline polymers. Unfortunately, these experimental tests and analysis are insufficient to conclude about the origin of AE signals. For instance, it has not yet been possible to localize AE sources because only one sensor was used for the acquisition of the signals. Therefore, one could wonder if the AE signals recorded under these circumstances are only artifacts. However, it is interesting to note that this technique was successfully used by Galeski et al. [25, 26] to collect AE signals during the spherulitic crystallization of semi-crystalline polymers from the melt. The authors attribute the release of acoustic waves to the formation of cavitation from the melt. As a consequence, AE testing could be enough sensitive to analyze the initiation of plastic deformation, including cavitation, for semi-crystalline polymers above their glass transition temperature. In this paper, we will first propose a new method to ascertain that AE signals recorded during tensile tests of Polyethylene samples do come from the plastic deformation and/or damage of the material. The methodologies we chose to identify the origin of sources and to analyze the AE signals will be presented. We studied several PE with different crystallinities at several strain rates in order to discuss the correlation between AE signals and microstructural alterations within the material.
Experiments

Materials and samples preparation
The five Polyethylenes (PE) examined, respectively named PE A, PE B, PE C, PE D and PE D', were obtained using the Philips method with a chromium oxide to reach a molecular weight M w equals to 231, 187, 216, 229 and 129 kDa, respectively. Their hexene C6 concentrations are equal to 1.8, 0.8, 0.1, 0.2 and 0 %·mol, respectively. These materials have been widely studied by Humbert et al. [9] [10] [11] and differ also by their molecular topology, which are called "linear" for the PE D', "quasi-linear" for the PE D and PE C and "branched" for the PE B and PE A. It is important to note that the PE D and PE D' samples have strongly similar characteristics, with respect to the degree of crystallinity. 6 mm -thick plates are obtained by pellets molding between aluminium plates in a press at 170°C during 30 min. Then, each PE plate has been quenched in water. This first treatment has been performed to obtain materials with a low crystallinity (χ c ). For this treatment, the materials will be called PE X que with X={A, B, C, D or D'}. A second heat treatment, named isotherm treatment, has been carried out on the PE A, PE D and PE D' samples in order to obtain different microstructural characteristics, the crystallinity in particular. This heat treatment has been performed by melting the materials at 170°C during 30 min and holding their temperature at 114°C, 123°C and 127°C, respectively, in a press during 10 hours before cooling in air. For this second treatment, the materials will be named PE X iso with X={A, D or D'}. The crystallinity of PE samples has been determined by thermal analysis with a Perkin Elmer DSC7 device and calculated by the following equation at ± 2 %:
With ΔH f the specific heat fusion of the sample and ΔH 0 f the heat fusion of a perfect crystal which is equal to 290 J/g [27] . Hence, the PE samples differ from their degree of crystallinity (see Table 1 ), but also by their mechanisms of formation of micro-cavities:
• The PE A que (χ c = 48 %) and PE B que (54 %) do not exhibit formation of micro voids during tensile tests; • The PE A iso (51 %), PE C que (63 %), PE D que and PE D' que (68 %) exhibit formation of microcavities which are located in the necking of samples; • The PE D iso and PE D' iso (79 %) exhibit a massive formation of cavitation, which is homogenous in the center region and appears before the yield point.
It is worth noting that in this range of crystallinity plastic behavior (such as yield stress or necking) can be strongly different. As a consequence, the acoustic activity could be correlated to the particular plastic behavior of our materials. Indeed, it has been shown in the literature (10-13) that low crystallinity, accompanied with high "Stress Transmitters" content, delays the appearance of cavitation whereas high crystallinity enhances it. This is one of the material features that is expected to modify the acoustic activity [25] . , which correspond to the cross-head velocities of 5, 10 and 40 mm/min, respectively. All tests are performed at room temperature on a MTS 1/ME mechanical testing machine, which is equipped with a 5 kN load cell. A two-channel PCI-2 (Peripheral Component Interconnect), from Mistras Group, is used to record AE signals during tensile tests. All tests are performed with two Physical Acoustic resonant acoustic Pico sensors with a PAC 1220A preamplifier with +60 dB gain. The peak sensitivity of the sensor is around 450 kHz for pressure waves and 250 kHz for the Rayleigh (surface) waves. The signals are digitized with a sampling frequency of 5 MHz. The sensors are fixed with high vacuum grease and attached to extremities of the center region of the samples with Teflon tapes. When recording AE signals, the user fixes a detection threshold (24 dB), below which no signal is recorded. Time-dependent parameters, such as amplitude, energy, duration, number of counts, etc., are calculated in real-time by the acquisition system. Directly related to the shape of the waveforms, these features are widely used for AE analysis. Frequency features (e.g. average frequency) are calculated from the Fourier transform (Eq. 2).
Using two sensors, our setup enables linear location of AE signals along the gauge length of the specimen: thanks to the knowledge of the velocity of the ultrasonic waves in PE samples (V = 2 000 m/s) and the difference between the arrival times of a given wave at each sensor Δt = (t 1 -t 2 )
1 , we can get an idea of the typical distance from the sensors of the AE signal assuming it occurred on the median line joining the centers of the two sensors. Besides, only the signals 1 Comparing the measured quantity Δt=(t 1 -t 2 ) to its maximum value Δt max =D/V, D is the distance between the two sensors. Only AE signals whose Δt value is less than Δt max originates from the area between sensors where plastic deformation and/or damage of materials occur. whose intensity is big enough to reach both sensors can be localized and situated along the specimen. Hence, the signals are divided into two categories: the non-localized signals and the localized signals (so called "AE events"). The position p of those AE events is estimated according to the following relation:
Methodology
It seems clear from the literature that the recording of AE signals, from the plastic deformation of semi-crystalline polymers, is not straightforward. This could be attributed to the high attenuation of such materials. A very weak acoustic activity is generally observed. In addition, the origin of signals is not clearly identified because the localization of AE signals is not always possible. Consequently, a methodology must be conceived in order to differentiate spurious AE sources from the AE signals truly originating from plastic deformation. To do so, we chose to use two different geometries of PE samples: dumb-bell samples and "anti-samples". The difference between the two samples is the width in the center region:
The dimensions of the narrow region of the dumb-bell specimens are 20 x 14 x 6 mm (see Figure. 1.a). Since the tabs are wider than the body, the stress and strain concentrate in the center region. Therefore, signals recorded during the plastic deformation and/or damage of a dumb-bell sample derive from AE sources originating from the material but also possibly from external noise, such as vibrations of the machine, or from the sliding of the tabs of samples in the grips. Hence, in order to determine the origin of the AE signals, it might be effective to use what we called "antisample" specimens.
The center region of the "anti-sample" specimens has dimensions 20 x 33 x 6 mm (see Figure. 1.b). Signals recorded cannot derive from the plastic deformation and/or damage of material. Hence, the external noise and the sliding of the tabs in the grips are the only contributions of recorded AE sources.
The strategy used, to partially eliminate spurious contributions (external noise and sliding) then to identify AE sources, follows two steps:
i/ 6 pre-cycles are performed in the domain of the elastic deformation before each tensile test in order to progressively eliminate signals coming from the sliding of the tabs in the grips once the loading begins. Figure. 2.a shows an example of the apparition of spurious AE signals on the tensile curve for 6 pre-cycles performed before a tensile test at a strain rate of 4.2 · 10 -3 s -1 on a PE D que dumb-bell sample. At each cycle, the reached load increases of 50 N from 1 050 N to 1 300 N and decreases to 200 N where the grips are re-tightened. The progressive elimination of AE signals deriving from the sliding of the tabs allows to prevent the recording of spurious AE signals once the tensile test begins, where, on Figure. 2.a., the blue curve corresponds to the mechanical curve and blue triangles to AE signals.
ii/ Tensile tests are carried out on "anti-sample" specimens in order to identify AE signals originating from external noise and sliding, with regards to the load. Such specimens present a body wider than the tabs. The body should thus undergo only a slight elastic deformation. In addition, both dumb-bell sample and "anti-sample" tabs have the same 10 x 20 x 6 mm dimensions. Hence, their deformation is exactly the same during the tests. Thus, the recorded signals can be identified as either external noise or sliding of the tabs since the body should not be deformed. This methodology allows us to differentiate the non-localized AE signals originating from the material deformation from the spurious signals. It can be seen as a discrimination of the recording of signals, as a function of the load, in order to identify AE signals originating from the deformation of the material, as shown in Table 2 .
Specimens AE signals
Dumb-bell sample From the specimens tabs sliding External noise "Anti-sample" tabs sliding External noise
Result of the discrimination From the specimens Table 2 . Scheme of the methodology used in order to discriminate AE signals from spurious signals Figure. 2.b shows the acoustic activity during a tensile test at the strain rate of 4.2 · 10 -3 s -1 on a PE D que "anti-sample" with 6 pre-cycles. The load reaches a maximum of 2 450 N before decreasing. We notice an increase of the acoustic activity above 2 000 N, when a pronounced tabs sliding in the grips occurs: these AE signals do not come from the deformation of the material. We name this value of load, the "sliding force". Only few AE signals are detected below this "sliding force".. 
Ultrasonic attenuation
Waves attenuate along their propagation throughout the medium. The dimensions of the narrow region of the dumb-bell sample minimize the attenuation of guided waves. Several contributions to the attenuation occur, such as the intrinsic attenuation of the material, the instrumentation, the beam divergence or the measurement procedure. Two types of phenomena cause intrinsic attenuation of the material: absorption and diffusion. When the acoustic wave propagates throughout the material, its absorption can be described by an exponential decay of its maximum amplitude A max . The absorption coefficient α of the medium (m -1 ) is generally calculated from the expression A max (x)=A 0 e -αx , where x is the distance between the source and the sensor (m). Since the maximum amplitude does not consider the entire signal, it is more accurate to use the energy of the electrical signal delivered by the AE sensor, which is derived from the integral of the squared voltage divided by a reference resistance (10 kΩ) over the duration τ of the AE waveform. Hence the energy of the AE signal is given by the following relationship:
where K is a constant combining both electric and acoustic impedances. We assume that time and space variables can be separated when the propagation occurs within a non-dispersive medium. Hence, the amplitude of the wave takes the following form:
where the function g(t) represents the time dependence of the waveform. Consequently, we derive the expression of the energy E(x):
The energy E(x) thus also shows an exponential decay of the form E(x)=E 0 e -βx , where the attenuation coefficient β is: β=2α (Eq.7) Figure. 3.a shows the exponential decay of the energy of a 500 kHz harmonic wave as a function of the propagation distance on the surface of the PE C que dumb-bell sample. Furthermore, the ultrasonic attenuation of all PE studied decreases with higher crystallinity (see Figure. 3.b) . The ultrasonic attenuation of PE examined is in the range 430-790 dB/m and can be described as a function of the crystallinity by a linear behavior. For comparison, the ultrasonic attenuation in metals is in the order of 5-20 dB/m. Thus, the ultrasonic attenuation in semi-crystalline polymers is high. This result implies that if the energy released by the material during the tests is too weak, the AE signal cannot be recorded on both sensors or cannot be recorded at all. 
Results and discussion
In this section, we will first determine the origin of AE signals using the methodology with the "anti-sample" and we will present the characterization of acoustic signals during tensile tests of PE D que dumb-bell samples. Then, we will study the influence of strain rate on the acoustic activity. Finally, we will analyze the effect of the microstructure of several PE on the AE measurements.
Characterization and origin of sources
To characterize the acoustic activity during a tensile test and to identify the origin of AE signals, we have first studied the PE D que samples. Let's recall that in order to eliminate systematically some AE spurious signals due to the initial sliding of the tabs in the grips, 6 pre-cycles are performed in the domain of the elastic deformation before each test. Figure. 4 .a shows the nominal strain-nominal stress curve with the acoustic activity for a tensile test at 4.2 · 10 -3 s -1 strain rate on a PE D que dumb-bell sample. A particularly weak acoustic activity (around 20 signals) is collected during the tensile tests in these conditions. No AE signal is detected during the elastic deformation. Indeed, the pre-cycles eliminated the spurious signals. Some signals are recorded during the inelastic deformation, when the strain-stress dependence becomes nonlinear. Nevertheless, AE signals are observed around the yield point, which classically corresponds to the onset of plasticity of the material [1, 2] . Hardly any AE signals are collected at the highest strain. None of those signals detected during the tests performed at a strain rate of 4.2 · 10 -3 s -1 are located on the specimen. Hence, it is difficult to conclude about the origin of these non-localized AE signals. Therefore, a comparison of the loads, at which AE signals are recorded between a dumb-bell sample and an "anti-sample", is effective to determine the origin of the acoustic signals recorded during the test. Figure. 4.b shows a comparison between the tests on a dumb-bell sample and on an "anti-sample". The load, at which the AE signals are recorded, is plotted versus the cumulative number of signals, for each sample. We notice that the sliding force which corresponds to the apparition of an intensive acoustic activity linked to the sliding of the tabs in the grips (from 2 000 N) is never reached in the case of a test at a 4.2 · 10 -3 s -1 strain rate on a PE D que dumb-bell sample. Indeed, in this last case, the maximum load reached is 1 850 N. Hence, an extensive acoustic activity, which corresponds to the strong sliding of the tabs, appears after the sliding force is reached. The recorded spurious AE signals are negligible for loads lower than the sliding force. It can be concluded that the majority of the non-localized AE signals collected derives from the material because the yield point is lower than the sliding force during tensile tests on dumb-bell samples. This result shows that the acoustic signals can be attributed to the plastic deformation and/or damage of the material with a strong certainty. Figure. 4.c represents some characteristics of AE signals: the average frequency is plotted versus the energy. The colored crosses correspond to the maximum amplitude of each signal. The average frequency of AE signals is relatively low, in the range 160-410 kHz. The energy of the AE signals is extremely weak, in the order of a few attoJoules (1 attoJ = 10 -18 J), typically between 1 and 120 attoJ. The energy can reach 10 6 attoJ in the case of plastic deformation and damage of steels [28] . The high attenuation of ultrasonic signals in semi-crystalline polymers could explain these weak values of recorded energy. The maximum amplitude of the recorded signals during the tests is in the range 27 to 45 dB. The highest energy signals also present the highest amplitudes, but no correlation with the frequency content can be observed. 
Effect of strain rate
The tests presented in the previous section were all performed at a strain rate of 4.2 · 10 -3 s -1 .
However, it is known that an increase of the strain rate has a significant effect on the recorded acoustic activity during plastic deformation and damage of metals, ceramics and composites [29] [30] [31] . . This result could be due to the fact that more microstructural events corresponds higher energy signals. Hence, an increase of the strain rate promotes the recording of a higher number of AE signals and higher energy signals. In addition, a significant part of the energy increases around the yield point for each test. Classically, it is considered that the initiation of plastic deformation appears at the yield point. These signals must probably derive from the plastic deformation of the crystal. It is also interesting to note that some AE signals are recorded at highest strains for strain rates 8.3 · 10 -3 s -1 and 3.3 · 10 -2 s -1 and their energy is relatively high. We notice that some AE events are recorded during the tests at the highest strain rate (3.3 · 10 -2 s -1 ), as shown in Figure. 5.b. These AE events appear just before the yield point and during the neckpropagation along the narrow region. In these conditions, a lot of micro-mechanisms are associated to AE signals and their localization become possible. These events can be attributed with certainty at the initiation of the plasticity and/or damage of the material and bring out that the plastic deformation begins before the yield point.
The acoustic activity presents three different behaviors during a tensile test:
• At small strains (less than 70 %), more than half of the total number of AE signals (whether they are localized or not) is recorded. Although, the sensors are distant, the energy released by the plastic events is initially strongly concentrated in the samples and corresponds to the sum of a lot of AE sources. Hence, the detection of AE signals is easier (see Figure. 6.a). In addition, the majority of the acoustic activity is recorded around the yield point.
• At nominal strain in the range 70-150 %, the acoustic activity is very weak for each strain rate. Furthermore, no AE event is recorded after a nominal strain of 70 %. The formation of a necking region appears during this phase thus, the released energy becomes strongly diffuse in the sample (see Figure. 6 .b). Furthermore, the sensors are still far from the AE sources, thus the detection of AE signals is unlikely.
• At high strain, the acoustic activity increases again. The signals emitted by the plastic events are again recorded once again since the necking regions approach the sensors (see Figure. 6.c). However, it is difficult to know if these signals, whose energy is relatively high compared to others, come from high-energy damage mechanisms such as fibrillar or fracture of fibrils taking place far from the sensors, or from mechanisms close to sensors and whose energy is weakly attenuated by the short propagation in the material. 
Effect of the microstructure and micro-mechanisms associated to AE signals
We noticed, from the tests presented previously, that the acoustic activity was more substantial for higher strain rates. Therefore, it would be more interesting to characterize the plastic deformation and damage of PE samples at a strain rate of 3.3 · 10 -2 s -1 . However, the number of recorded AE signals is still relatively weak during a test thus we chose to analyze the acoustic activity coming from 3 tensile tests performed in the same conditions. In this section, we will study the influence of the microstructure for different PE, in particular the effect of the degree of crystallinity and the mechanism of formation of micro-cavities, on the acoustic activity. Let's recall that the mechanism of formation of cavitation is not the same for all the samples. Figure. 8 ). We notice, in Figure. 7.a, that the behavior of the acoustic activity is the same for all PE. The recording of AE signals is initiated during the inelastic deformation, before the yield point. The significant part of the acoustic activity is collected at small strains, before 50 %. Then, hardly any AE signals are observed before a new increase of the acoustic activity at high strains for each studied PE. Figure. 7 .b shows the cumulative number of AE signals at small strain. We notice that the detection of AE signals increases with the crystallinity, in particular for the highest crystallinities PE. Furthermore, the preyield acoustic activity is also correlated to the crystallinity. This could be partly correlated to the cavitation, which appears before the yield point for the PE D iso and PE D' iso samples. Similarly, the relatively high acoustic activity after yielding for PE A iso , PE C que , PE D' que and PE D que samples can be partially attributed to the cavitation. The detection of AE signals before yielding shows that at least another micro-mechanism of deformation than the cavitation releases acoustic waves. This is brought out by AE measurements on PE A que and PE B que samples, which do not cavitate, where only a few AE signals are recorded (no event is recorded) before the yielding. Hence, it is clear that a second micro-mechanism of deformation releases acoustic waves. In these previous cases, the AE signals appear near the yield point, which is generally considered as the beginning of the plastic deformation of crystal [1, 2] . Hence, these signals could be associated to the initiation of shearing of crystalline lamellae or to the fragmentation of the crystalline network. The average energy of AE signals is also correlated with the crystallinity, as shown in Figure 9 . The average energy increases strongly with the crystallinity and is in the range 10-390 attoJ. It can be suggested that the formation of cavitation comes along with a release of relatively high energy. Hence, it seems clear that the cavitation has a strong effect on the acoustic activity and the energy of AE signals. 
Conclusion
In this work, we propose to use the AE technique for the characterization of the initiation of plasticity and/or damage of several PE samples during tensile tests at room temperature. It has been shown that PE samples highly attenuate ultrasonic waves. This could explain the modest number of papers in the literature dealing with AE in such materials. Indeed, a weak acoustic activity is generally observed and the localization of AE signals is not always possible. Hence, it is difficult to conclude about the origin of recorded AE signals for such signals.
Thus, we have used two different methodologies in order to identify the origin of AE sources. A first source of spurious signals has been identified as the initial sliding of the tabs of the samples in the grips once the loading begins. The first methodology aimed to eliminate these signals by performing 6 pre-cycles in the elastic domain before each tensile test. The second methodology allowed us to evaluate the amount of spurious signals generated by the sliding of the tabs in the grips and the vibration of machine during tensile tests by the use of an "anti-sample", which exhibits only a little elastic deformation. In the case of tests on the "anti-sample", hardly any spurious signals are recorded below the maximal load reached during tests on dumb-bell samples. Hence, in the case of tensile tests on dumb-bell samples, most of non-localized AE signals have a strong probability to originate from the plastic deformation and/or damage of materials. However, a weak acoustic activity is collected during the tests and the localization of an amount of AE signals is only possible at high strain rates. Furthermore, the number and the energy of AE signals increase with strain rate.
We have shown that the acoustic activity could be described in 3 parts during the tests. The majority of AE signals is recorded, at small strains. In particular, the detection of signals before yielding shows that the initiation of plasticity and/or damage is initiated in the earlier stage of the deformation. A very weak acoustic activity is collected at medium strains, where the formation of a necking appears and the release of the acoustic energy becomes very diffuse in the samples. Hence, the detection of AE signals is unlikely. The number of recorded AE signals increases again at high strains, when the necking approaches the sensors.
The influence of the degree of crystallinity and the mechanisms of formation of micro-cavities has also been studied. We observed that the cumulative number of AE signals strongly increase with the crystallinity. Furthermore, the detection of AE signals before yielding is also correlated to the crystallinity. Indeed, a significant acoustic activity is collected before the yield point for the highest crystallinities PE samples, in particular for PE samples exhibiting the formation of cavitation before yielding. This result shows that micro-mechanisms of plasticity and/or damage appear before yielding and the formation of cavitation can be strongly correlated with the recording of AE signals. PE samples that do not cavitate exhibit a weak acoustic activity. In these cases, the recording of AE signals around the yield point suggests that the shearing of crystallites and/or the fragmentation of crystalline lamellae and/or the martensitic transformation can also be related to the detection of AE signals. In addition, the average energy of AE signals increases significantly with the crystallinity, in particular for PE samples exhibiting a formation of micro-cavities. It can be suggested that the formation of cavitation is associated with the release of a relative high energy. 
